A sthma is common in the general population, including those in the workforce. 1,2 Work exposures can cause or exacerbate asthma 3 and can also be associated with asthma variants (e.g., eosinophilic bronchitis 3 and aluminum potroom asthma 3 ) as well as symptoms that mimic asthma (e.g., the irritable larynx syndrome). 4 In addition, even non-work-related asthma can affect the ability to work. 5 This review focuses on current data about occupational asthma, defined as asthma due to conditions attributable to work exposures and not to causes outside the workplace. 3, 6 One important and common subtype of work-related asthma that is not addressed further in this review is work-exacerbated asthma. As recently reviewed, 7 work-related exacerbation of asthma -ranging from single transient exacerbations after an unusual exposure to daily work-related worsening that can mimic occupational asthma 8 -may occur in up to 25% of working persons with asthma. 7 Sensitizer-Induced A s thm a Occupational asthma can be caused by a specific workplace sensitizer, defined as an agent that induces asthma through a mechanism that is associated with a specific immunologic response. Occupational sensitizers are commonly high-molecularweight agents (>10 kD, usually a protein or glycopeptide) that can cause production of specific IgE antibodies and typical allergic responses. Once a person is sensitized, very low exposures can induce asthma, which is often associated with rhinoconjunctivitis. 6 Common examples are listed in Table 1 . New causative agents are reported each year, 9 and it would appear that almost any protein that becomes airborne and inhaled might be a potential cause of occupational asthma.
Low-molecular-weight occupational chemicals can also cause sensitization and, subsequently, asthma. 9 A few have been associated with the production of specific IgE antibodies, such as complex platinum salts used in platinum refineries or the manufacture of catalysts, 10 with a recent report of cases in workers exposed to platinum salts during the manufacture of cytotoxic drugs. 11 Other examples include rhodium salts (used in electroplating) 12 ; salts of nickel, chrome, and cobalt 13 ; acid anhydrides (used as hardeners in epoxy resins in chemical plants and in powder paints) 14 ; and reactive dyes (used in textiles). 15 However, most low-molecular-weight chemical sensitizers induce asthma through mechanisms that are poorly understood, despite a phenotype suggesting sensitization. Diisocyanates are important sensitizers that are used in the production of rigid or flexible polyurethane foam; they are also used as hardeners in urethane spray paints and adhesives. Diisocyanates have been the most common cause of occupational asthma in many industrialized areas. Other examples of low-molecular-weight sensitizers are listed in Table 1 . Most chemical sensitizers have highly reactive side chains. 16, 17 Nonsensitizing, Ir r ita ntInduced Occupationa l A s thm a Irritant-induced occupational asthma is a term used to describe occupational asthma that occurs from exposure to agents considered to be airway irritants, in the absence of sensitization. In 1985, diagnostic criteria for the reactive airways dysfunction syndrome, a severe form of irritant-induced asthma, were introduced (Table  2) . 18 Subsequent reports have modified the initial, stringent diagnostic criteria for this syndrome and use the term "irritant-induced asthma" to include cases with induced airway symptoms and an onset after one or more high-level exposures. This category also includes cases with less immediate responses to exposure (Table 2) , with the recognition that these latter cases have less diagnostic certainty. 6 New-onset asthma after exposure to very high levels of alkaline dust from the collapse of the World Trade Center 19 is generally accepted as a variant of irritant-induced asthma, despite the fact that many of those affected had a later onset of asthma symptoms than persons with the reactive airways dysfunction syndrome. At 1 year 24 The possibility that relatively low concentrations of airborne irritating chemicals at work could induce asthma (termed by some authors "not-so-sudden asthma" or "low-dose reactive airways dysfunction syndrome") has been considered in case reports and small case series. 20, 21 However, the association with previous atopic disease or childhood asthma 20 and the long-term low-level exposure in some cases 21 raised the possibility that symptoms may have resulted from exacerbation of underlying airway hyperresponsiveness or coincidental onset of asthma, rather than occupational asthma itself. Nevertheless, more recent support for the concept that exposure to relatively low concentrations of chemicals at work may induce asthma comes from several epidemiologic studies involving groups of workers exposed to irritant agents such as cleaning products and air fresheners. [25] [26] [27] Workers with an increased risk of asthma associated with exposure to irritants under usual work conditions include cleaners (domestic and industrial cleaners), nurses, textile workers, hog farmers, poultry workers, and aluminum potroom workers (in aluminum smelters). [25] [26] [27] [28] Thus, a spectrum of exposures leading to asthma seems likely, although asthma induced by exposure to low-level irritants cannot be reliably diagnosed in individual workers at present. Similarly, increased risks of asthma (in some cases with concomitant symptoms of bronchitis or with COPD) have been associated with irritant exposures without clear features of sensitizationfor example, among entertainment workers, other farmers (with exposures to ammonia, endotoxins, and organic dusts associated with livestock), and motor vehicle operators. 28 
Epidemiol ogy
Occupational asthma has been reported in a minority of workers exposed to most known sensitizing agents (usually 10% or less among current workers in cross-sectional studies). In addition to the inherent sensitizing potency of a given agent in the workplace, the level of exposure influences the rate of sensitization, as shown with both high-molecular-weight sensitizers such as animal proteins (in persons who work with laboratory animals) and flour proteins (in bakers) and lowmolecular-weight sensitizers such as diisocyanates. 29 For example, workplaces with exposure to lower concentrations of diisocyanates have lower rates of occupational asthma. 30 Predisposing or host factors among workers have included atopy (for most high-molecular-weight sensitizers), 31 other genetic factors, 32, 33 and, possibly, smoking. 34 None of these factors are sufficiently predictive to be used in determining the ability of a worker to participate in a job that carries a risk of sensitization. 35 Population studies in a number of geographic regions have estimated the incidence and prevalence of occupational asthma caused by exposures to sensitizers and irritants. Although true geographic variation appears to be present, differences in study methods render comparisons difficult, as recently observed. 36 A study involving almost 7000 participants in 13 countries used uniform methods to identify new-onset asthma 18 † Patients were considered to have irritant-induced asthma in some studies with one or more of these modified criteria.
and showed that the population attributable risk of occupational asthma was between 10 and 25%, equivalent to an incidence of 250 to 300 cases per 1 million people per year. 37 Risks were increased among workers with known exposure to respiratory sensitizers. A systematic analysis of population attributable risk showed that an estimated 16 .3% of all cases of adult-onset asthma are caused by occupational exposure. 38 There is a discrepancy between the rates of asthma diagnosed by a health professional as being workrelated (4.7% of all new asthma cases) and rates that include self-reported cases of work-related asthma (18.2% of all new asthma cases) 39 ; one possible explanation for the difference is that occupational asthma is underrecognized in clinical practice.
Fewer studies have examined the prevalence or incidence of irritant-induced asthma with the use of the original criteria for the reactive airways dysfunction syndrome. 18 A small study conducted after glacial acetic acid was spilled in a hospital 40 showed a clear exposure-response relationship: the incidence of asthma was highest among those with the greatest exposure (four of nine persons without previous respiratory symptoms). An association with the level of exposure was also found for the development of airway hyperresponsiveness and asthma 19, 41 and for other outcomes 24 among responders to the World Trade Center disaster. The multinational survey noted above 37 showed that workers who reported an acute symptomatic inhalation event (e.g., exposure to a chemical spill) had an increased risk of new-onset asthma (relative risk, 3.3; 95% confidence interval, 1.0 to 11.1; P = 0.05).
Pathoph ysiol ogic a l Mech a nisms
The pathophysiological mechanisms of occupational asthma appear to be similar to those of non-work-related asthma, including an IgEdependent mechanism associated with highmolecular-weight sensitizing agents and some low-molecular-weight sensitizers. However, for asthma induced by other low-molecular-weight sensitizers, such as diisocyanates, and for irritantinduced asthma, the mechanisms are incompletely delineated. Nevertheless, occupational asthma constitutes an important model for an improved understanding of both extrinsic and intrinsic factors in non-work-related asthma. Mechanisms involved in sensitizer-induced asthma and irritant-induced asthma are shown schematically in Figure 1 (more details are provided in the Supplementary Appendix, available with the full text of this article at NEJM.org).
Di agnosis, M a nagement, a nd Pr e v ention
Diagnosis

Sensitizer-Induced Asthma
Occupational asthma should be suspected in every adult with new-onset asthma. Although the respiratory symptoms in cases of occupational asthma, such as wheezing, dyspnea, chest tightness, cough, and sputum production, are similar to those in cases that are not work-related, their occurrence is usually modulated by the workrelated exposure. A latency period ranging from weeks to years after the first exposure to the sensitizer is observed before the initial onset of work-related symptoms. Sensitizer-induced symptoms begin variably -at the beginning of the work shift, toward its end, or even in the evening after working hours; typically, remission or improvement occurs during weekends and holidays. Rhinitis often accompanies or precedes lower respiratory symptoms, especially when high-molecular-weight agents incite the asthma. 6 Although a thorough clinical and occupational history must be obtained, a compatible history alone is insufficient for diagnosis and has a low positive predictive value. 42 Investigations should be started as soon as the diagnosis is suspected, preferably while the patient is still working, and should be as comprehensive as feasible, including assessment of clinical symptoms, objective confirmation of asthma, testing for skin or serologic specific IgE antibodies when possible, and documentation of symptomatic, functional, and inflammatory changes in response to exposure to occupational agents (at work vs. away from work or by specific challenge). Each test has limitations that may be overcome by combining several tests. 43 A suggested diagnostic approach is summarized in Figure 2 , and further advice is detailed in a North American consensus statement 6 and European guidelines. 44, 45 Detailed information about tests and their practical limitations and advantages is available in the Supplementary Appendix, including Table S1 .
Irritant-Induced Asthma
Diagnosis of irritant-induced asthma relies on a suggestive clinical history along with the demonstration of airflow limitation or airway hyperresponsiveness. The diagnostic criteria are described in Table 2 .
Prevention and Management
Sensitizer-Induced Asthma
Primary, secondary, and tertiary preventive measures may reduce the incidence and severity of sensitizer-induced asthma (Table 3) . 29, 46 Primary prevention aims to prevent sensitization to work- High-molecular-weight (HMW) agents act as complete antigens and induce the production of specific IgE antibodies, whereas the lowmolecular-weight (LMW) agents to which workers are exposed that induce specific IgE antibodies probably act as haptens and bind with proteins to form functional antigens. Histamine, prostaglandins, and cysteinyl leukotrienes are released by mast cells after IgE crossbridging by the antigen. After antigen presentation by dendritic cells, T lymphocytes can differentiate into several subtypes of effector cells. Antigen-activated CD4+ cells can differentiate into cells with distinct functional properties conferred by the pattern of cytokines they secrete. Type 1 helper T (Th1) cells produce interferon-γ and interleukin-2. Type 2 helper T (Th2) cells release cytokines such as interleukin-4, -5, and -13; activate B cells; and promote IgE synthesis, recruitment of mast cells, and eosinophilia. CD8+ cells also release interleukin-2 and interferon-γ and correlate with increased disease severity and eosinophilic inflammation. Innate natural killer cells may also release interleukin-13 in response to products of cell damage. There is evidence that some LMW agents, such as diisocyanates, can stimulate human innate immune responses by up-regulating the immune pattern-recognition receptor of monocytes and increasing chemokines that regulate monocyte and macrophage trafficking (e.g., macrophage migration inhibitory factor and monocyte chemoattractant protein 1). Further interleukin release includes interleukin-1 and -15. Injury to the airway epithelium is likely to play a central role in the pathogenesis of irritant-induced asthma. Oxidative stress is likely to be one of the mechanisms causing the epithelial damage. Inhalation of irritants is likely to induce the release of reactive oxygen species by the epithelium. Furthermore, there may be an increased release of neuropeptides from the neuronal terminals, leading to neurogenic inflammation with release of substance P and neurokinins. This algorithm is adapted from Tarlo et al. 6 Information on the advantages and limitations of individual tests is available in the Supplementary Appendix and in published guidelines and consensus statements.
6,44,45 PEF denotes peak expiratory flow.
place agents, thus preventing disease. Ideally, the workplace would have measures in place so that workers do not inhale agents that can cause asthma. One way to achieve this aim would be to replace known sensitizing agents with nonsensitizers -for example, by replacing gloves made of natural rubber latex with nitrile gloves, whenever feasible. In the case of chemical sensitizers, a computer program that uses a quantitative-relationship model 17 may have some ability to predict risks when new, potentially sensitizing agents are under consideration for use in the workplace. The model is based on the observation that most sensitizing chemicals, as compared with nonsensitizing chemicals, have a greater number of reactive or functional groups and are more likely to have unsaturated bonds containing carbon and nitrogen heteroatoms. 17 Unfortunately, many sensitizers cannot be readily replaced with nonsensitizing agents (e.g., flour in bakeries). However, a reduction in exposure (inhalational exposure and possibly also skin exposure) to a respiratory sensitizer can reduce the proportion of workers who become sensitized, 29 as was shown when airborne exposure to latex proteins was reduced by introducing latex gloves with a low-powder and lowprotein content. 47 Therefore, efforts have been made to reduce exposure to respiratory sensitizers by instituting occupational hygiene measures such as containment, improved ventilation, and (as a last option) the use of personal protective equipment, as well as worker education to enhance adherence to recommended measures. Examples in which one or more of these measures have been effective include encapsulation of enzymes in the detergent industry, 48 reduced exposure to laboratory animals (by means of engineering and procedural changes and the use of appropriate respiratory and protective devices and skin covering), 49 and simple methods of worker education to reduce exposure in bakeries. 50 However, even in occupations with a wellrecognized risk of sensitization, such as work involving laboratory animals, implementation of and knowledge about preventive measures in the workplace has been suboptimal. 51 For diisocyanates, changes that may reduce the risk of sensitization include the formulation of less volatile compounds, the use of polymeric rather than monomeric diisocyanates, the use of robotics in some industrialized settings, monitoring of exposure concentrations to ensure that they are below recommended threshold levels, and action plans to manage unintended highlevel exposures. Such measures, in conjunction with secondary preventive action, have been associated with reduced rates of sensitization and occupational asthma, according to a report from Ontario, Canada. 52 Secondary prevention includes early identification of workers with occupational exposure to asthma-causing agents by means of medical surveillance (periodic respiratory questionnaires with or without spirometry and immunologic tests) and further investigations to confirm diagnosis and then remove the person from further exposure. Such measures have been introduced in some companies for at-risk workers -for example, persons who work in bakeries; Table 3 . Prevention of Sensitizer-Induced Occupational Asthma.
Primary prevention
Avoid introducing predicted new sensitizing agents into the workplace (efficacy as primary prevention currently theoretical).
Avoid use of known sensitizing agents if safer alternatives are available.
Modify the physical or chemical form of known sensitizers to reduce risk of exposure (e.g., less volatile preparations, polymerized products, and latex gloves with a low-protein and low-powder content).
Reduce exposure to work sensitizers by means of occupational hygiene measures (e.g., use of robotics, containment, ventilation, and respirators).
Educate workers in the use of safe practices at work.
Monitor and control levels of exposure to workplace sensitizers.
Secondary prevention (early detection)
Institute medical-surveillance programs for workers at risk, consisting of preplacement and periodic respiratory questionnaires, with spirometry and immunologic tests as indicated.
Ensure that health care providers have adequate knowledge of occupational asthma and consider it early in the evaluation of all adults with asthma symptoms, leading to early diagnosis and management of occupational asthma.
Educate workers about the risks of occupational asthma through workplace programs, information provided by health care providers, and publiceducation programs (e.g., from news media, lung associations, and Webbased programs).
Tertiary prevention (appropriate treatment)
Evaluate symptomatic workers early and obtain an accurate diagnosis.
Remove workers from further exposure to the implicated agent after a confirmed diagnosis, when possible.
Control other triggers and use pharmacologic measures if necessary.
Assist the patient with a workers' compensation claim when applicable, to limit the socioeconomic effects of the diagnosis.
Monitor the patient's asthma in future work locations to ensure safe placement.
those who work with animals, detergents, diisocyanates, or complex platinum salts; and epoxy workers exposed to acid anhydrides. Studies suggest that such programs are beneficial, 52, 53 although the benefit is difficult to specify precisely because of the multicomponent nature of the programs. It has been suggested that the questionnaire component is likely to be most predictive among bakers 54,55 but may be less reliable among respondents who believe that their answers might result in job loss. Asthma symptoms and airway hyperresponsiveness persist in approximately 70% of patients with occupational asthma, even several years after removal from the offending environment. Outcomes are best when the diagnosis is established early, the exposure is stopped, and the asthma is not yet severe. 56 Appropriate management after diagnosis, in addition to prevention of further exposure when possible, involves tertiary prevention with pharmacologic management that follows clinical-practice guidelines.
Recent systematic reviews indicate that complete and definitive avoidance of exposure to the causal agent remains the preferred approach to the management of immunologic occupational asthma. 57, 58 Although reduction of exposure to the agent can be considered an alternative to complete avoidance of exposure, the limited available evidence indicates that reduced exposure is less beneficial than exposure cessation. 59 Immunotherapy has been tested for a few sensitizing agents with IgE-dependent reactions, mainly in health care workers who were allergic to latex 60 but also in small numbers of workers who were allergic to cereal, 61 sea squirt (Hoya asthma), 62 and laboratory animals. 63 Although immunotherapy can reduce cutaneous and respiratory symptoms, systemic reactions often occur. 64 Whether asthma outcomes are altered in the long term remains to be determined, and further studies are needed before immunotherapy can be recommended. Improvement with the monoclonal anti-IgE antibody omalizumab has been reported in a few patients with occupational asthma who remained exposed to the causal agent, 65 but it also requires further prospective studies.
Irritant-Induced Asthma
There is less information on the prevention of irritant-induced asthma than on the prevention of sensitizer-induced asthma, since the most straightforward cases of irritant-induced asthma are due to accidental exposure. Prevention should include occupational-hygiene measures that ensure the safety of workers in environments where there is the potential for accidental exposure to irritants. General measures include containment, good ventilation, worker education regarding safety practices, and, when other measures are not sufficient, use of fit-tested respiratory protective devices.
Conclusions
Occupational asthma is potentially preventable in most cases. Furthermore, an improved understanding of occupational asthma may enhance our knowledge about other types of asthma. To minimize the risk of long-term impairment from occupational asthma, health care practitioners should consider this diagnosis early in their evaluation of adults with symptoms of asthma.
Dr. Tarlo reports receiving consulting fees for worker assessments, expert testimony, or both from SOMA Medical Assessments, Graydon Sheppard Professional Corporation, and Barrick Gold and grant support through her institution from AllerGen. Dr. Lemiere reports receiving consulting fees, lecture fees, and payment for the development of educational presentations from AstraZeneca; consulting fees and lecture fees from Merck; and lecture fees, as well as grant support through her institution, from GlaxoSmithKline. No other potential conflict of interest relevant to this article was reported.
Disclosure forms provided by the authors are available with the full text of this article at NEJM.org.
We thank Dr. James Martin from the Department of Medicine, McGill University, Montreal, for helpful review of an earlier version of Figure 1 .
